Abstract: We have studied BaWO 4 under compression at room temperature by means of x-ray diffraction and Raman spectroscopy. When compressed with neon as pressuretransmitting medium (quasi-hydrostatic conditions), we found that BaWO 4 transforms from its low-pressure tetragonal structure into a much denser monoclinic structure. This result confirms our previous theoretical prediction based on ab initio calculations that the scheelite to BaWO 4 -II transition occurs at room temperature if kinetic barriers are suppressed by pressure. However, our experiment without any pressure-transmitting medium has resulted in a phase transition to a completely different structure, suggesting non-hydrostaticity may be responsible for previously reported rich polymorphism in BaWO 4 . The crystal structure of the low-and high-pressure phases from the quasihydrostatic experiments has been Rietveld refined. Additionally, for the tetragonal phase the effects of pressure on the unit-cell volume and lattice parameters is discussed.
I. Introduction
Barium tungstate (BaWO 4 ) is a material that crystallize in the tetragonal scheelite structure (space group I4 1 /a) [1] . BaWO 4 has several technological applications and has been extensively studied under compression [2] . However, its complex polymorphism remains the subject of continuous study [3] [4] [5] [6] [7] [8] [9] [10] [11] . At ambient to moderate pressures and room temperature (RT), there are two different forms of BaWO 4 which are built up of WO 4 tetrahedra and BaO 8 dodecahedra. The first is the scheelitetype and the second is a monoclinic fergusonite-type (space group I2/a) which is a highpressure phase. At higher pressures and high temperatures, a denser form containing WO 6 octahedra occurs [9, 12, 13]. This polymorph is monoclinic and is named BaWO 4 -II (space group P2 1 /n). It has been discussed that there are large kinetic barriers associated with the transformation from the scheelite-type to the BaWO 4 -II structure [9] and thus the application of high temperature (HT) is needed to overcome the kinetics barriers. As a consequence, the fergusonite-type phase can be observed in between the other two phases at RT. In addition, amorphization has been reported after the BaWO 4 -II phase beyond 47 GPa [9] . Recently, it has been shown that non hydrostatic stresses could strongly influence the high-pressure (HP) structural sequence of BaWO 4 . It has been also debated, whether the RT post-fergusonite monoclinic phase has the same crystal structure as that of the HP-HT BaWO 4 -II phase [3 -6] . Therefore, it is clear that further efforts are needed to elucidate the complex HP behavior of BaWO 4 . Here, we report HP x-ray diffraction (XRD) and Raman studies of BaWO 4 . Raman studies were performed under quasi-hydrostatic conditions using neon (Ne) as pressure-transmitting medium up to 45 GPa. XRD studies were performed up to 17. 
II. Experimental Details
Samples used in the present experiments were obtained from a high-purity BaWO 4 single crystal, which was grown with the Czochralski method starting from raw powders having 5N purity [9] . It was confirmed by XRD and Raman spectroscopy that the crystal has only one phase with the scheelite structure. For the HP Raman experiment, a 10-µm-thick plate was cleaved from a crystal and loaded in a 300-µm culet diamond-anvil cell (DAC) together with a few ruby spheres of about 2 µm in diameter. Ne was used as pressure-transmitting medium (PTM) and pressure was determined by the ruby fluorescence technique [16] . According to Klotz et al. [17] Ne provides better hydrostic conditions than any of the pressure media used before to study BaWO 4 showing the first signs of non-hydrostaticity only beyond 15 GPa. Since the phase transition of main interest for this work occurs below 10 GPa, the use of Ne is a good choice to obtain quasi-hydrostatic conditions. Room-temperature Raman experiments were performed in the backscattering geometry using the 514.5 nm line of an Ar + -ion laser with a power of less than 100 mW before the DAC to avoid sample heating. Laser heating of the sample by the 514.5 nm laser is negligible in the studied pressure range because the laser energy is always below the band gap of BaWO 4 in the pressure range covered by experiments [4] . A Mitutoyo 20X long working distance objective was employed for focusing the laser on the sample and for collecting the Raman spectra. The scattered light was analyzed with a JobinYvon T64000 triple spectrometer equipped with a confocal microscope in combination with a liquid-nitrogen cooled multichannel charge-coupled device (CCD) detector. The spectral resolution was better than 1 cm −1 . For HP x-ray diffraction experiments, samples were prepared as fine ground powders from the single crystal.
High-pressure angle-dispersive XRD measurements were carried out in a 400-µm culet DAC. Powder samples were loaded together with a ruby chip used for pressure determination. Two independent experiments were carried out, one using Ne as pressure-transmitting medium and the other without PTM. XRD experiments were performed at the 16-IDB beamline of the HPCAT facility at the Advanced Photon Source (APS). Monochromatic synchrotron radiation at λ = 0.368018 Å was used for data collection on a Mar345 image-plate detector. The x-ray beam was focused down to 5 x 5 µm 2 using Kickpatrick-Baez mirrors. The diffraction images were integrated and corrected for distortions using FIT2D [18] to yield intensity versus 2θ diagrams.
Indexing, structure solution, and refinements were performed using the UNITCELL Figure 1 shows a selection of diffraction patterns collected in the two XRD experiments. In Fig. 1(a) , it can be seen that XRD data collected under Ne can be assigned to the scheelite structure up to 7.6 GPa. The fact that Bragg peaks do not broaden upon compression in this experiment supports the assumption that it was performed under quasi-hydrostatic conditions. The results of the Rietveld refinement obtained for this structure at 1.0 and 7.6 GPa are shown in the figure together with the experimental data. In addition to the unit-cell parameters, we also refined the oxygen positions, which can be obtained because the positions of W and Ba (which dominates the x-ray scattering) are fixed by the structural symmetry of scheelite. Since the occupancy and the atomic displacement factors are correlated and more sensitive to background subtraction than positional parameters, they were constrained to 1 and B = 0.5 Å 2 , where B is the overall displacement factor, to reduce the number of free parameters used in the refinement. Table I Upon further compression, at 9.4 GPa, the XRD pattern of BaWO 4 completely changes indicating the occurrence of a structural phase transition. The determination of the crystal structure of the HP phase will be discussed after describing the second experiment and the effects of pressure on the scheelite structure within its range of stability. In Fig. 1(b) , it can be seen that BaWO 4 remains in the scheelite structure up to 7.2 GPa when no pressure-transmitting medium is used for the experiments. Upon further compression, changes associated to a phase transition take place at 8.6 GPa. The Table II , the bulk modulus (B 0 ), its pressure derivative (B 0´) , and the atomic volume at zero pressure (V 0 ) are summarized and compared with those of previous studies. In the experiment performed with Ne as PTM the EOS fit was done by assuming B 0´ = 4 due to the small dataset. However, in our XRD experiment without pressure-transmitting medium a value of B 0´ = 4(2) was obtained after the EOS fit.
III. Results and Discussion

A. XRD experiments
Therefore, in order to better compare with earlier experiments, previously reported data were fit again using B 0´ = 4. In Table II , it can be seen that the bulk modulus decreases following the sequence No PTM > silicone oil ≅ ≅ ≅ ≅ methanol-ethanol-water > Ne. This indicates that non hydrostaticity causes a reduction of bulk compressibility as has been already found in other compounds [24 -27]. The differences can be as large as 30 % (see Table II ). Differences are also detected for the axial compressibilities showing the silicone-oil and methanol-ethanol-water an intermediate behavior between the two limit cases here studied. . It is interesting to note that the ratio of axial compressibilities is also affected by non hydrostaticity (see Table II ). Consequently, non hydrostaticity not only reduces the bulk compressibility, but also affects the behavior of the axial ratio. Under quasi-hydrostatic conditions, c/a is reduced from 2.27 at 1.0 GPa to 2.22 at 7.6 GPa, approaching the value corresponding to an ideal close packing.
From the present XRD results we further obtain information on bond compressibility (see Fig. 2d ). We will discuss now about the crystal structure of the high-pressure phase of BaWO 4 . Before discussing our results we will briefly describe earlier studies. In XRD experiments performed using silicone oil as PTM, a phase transition from tetragonal scheelite to monoclinic fergusonite was detected at 7. In contrast to the above described results, when no pressure-transmitting medium is used, i.e. under highly non hydrostatic conditions, diffraction patterns from the high-pressure phase are obviously different from those of the BaWO 4 -II structure as can be seen in Fig. 1b . However, due to the quality of XRD patterns, with very broad peaks caused by non hydrostaticity, the structure of the HP phase cannot be refined in the non-hydrostatic experiments. Apparently, non-hydrostatic stresses can play an important role in the structural sequence of BaWO 4 , leading to a complex polymorphism. As found in our XRD experiments (and also in our Raman experiments, as we will show latter), at room temperature under quasi-hydrostatic conditions, 
where A and B modes are nondegenerate, and the E modes are doubly degenerate.
Figs. 4a y 4b show a selection of Raman spectra collected at different pressures.
At ambient pressure, the Raman spectra can be clearly assigned to the scheelite structure 
Out of these modes, only twenty-seven modes were reported by Tan et al. [6] .
Twenty-one of these modes perfectly match Raman modes here detected. The rest of the modes we found agree quite well with earlier calculations [7] and with the experiments previously reported by Manjon et al. [7] . Therefore, it is quite likely that the BaWO 4 -II is obtained in our experiments directly from scheelite at RT and 7.6 GPa. This result agrees with the conclusions extracted from XRD experiments. Note that Manjon et al. The pressure evolution of the Raman modes of the post-scheelite phase is shown in Fig. 5 . In contrast to scheelite, we did not detect any soft mode in the HP phase (see also Table V ). The modes with the highest pressure coefficients are those of the high-frequency region. In particular, there is only one high-frequency mode with a small pressure coefficient (the mode at 716 cm -1 at 9.4 GPa) and the mode with the highest pressure coefficient is the one located at 490 cm -1 at 9.4 GPa (see Table V ). Note that the energy gap between stretching and bending modes of BaWO 4 decreases from about 440 cm -1 at ambient pressure to only 85 cm -1 at 9.4 GPa. The latter is a direct proof of the change of coordination of tungsten, from tetrahedral to octahedral, associated to the phase transition [36] . Upon further compression, we did not find any qualitative change in the Raman spectrum of BaWO 4 -II. The only noticeable facts were, the gradual lost of Raman intensity, the broadening of some peaks (both typical of HP experiments), and the merging (or crossover) of part of the detected Raman modes, in particular beyond 25.2 GPa. Therefore, the phase transition predicted by ab initio calculations to occur at 27 GPa (from BaWO4-II to an orthorhombic structure) [9] cannot be confirmed by our experiments. Additionally, we did not find any hint of the amorphization reported to occur beyond 47 GPa in previous experiments [9] probably due to the Ne pressure medium used in our experiment. Upon pressure release from 44.3 GPa, the observed phase transition is reversible (see top Raman spectrum in Fig. 4b ) and the scheelite phase is recovered in agreement with our XRD experiments.
IV. Concluding Remarks
We have performed HP XRD and Raman experiments on BaWO 4 . We have found that under quasi-hydrostatic conditions, above 7.6 GPa the low-pressure tetragonal scheelite structure transforms at RT directly into the much denser monoclinic refer to data with silicon oil as PTM from Ref. [9] . Black up triangles refer to data with methanol-ethanol-water as PTM from Ref. [10] . Magenta down triangles shown in the volume-pressure plot refer to data with h-BN as PTM from Ref. [5] . Ab initio data for cation-oxygen distances taken from Ref. [9] are included as solid lines. 
